We report the numerical analysis of gradient index (GRIN) lens-based optical coherence tomography imaging probes to derive optimal design parameters. Long and short working distance probes with a small focal spot are considered. In each model, the working distance and beam waist are characterized and compared for different values of length and refractive index of the probe components. We also explore the influence of the outer tubing and refractive index of the sample media. Numerical results show that the adjustment of the maximum beam diameter and focusing angle at the end of the GRIN lens surface is very important for determining the optical performance parameters of the probe. C 2010 The International Society for Optical Engineering.
Introduction
Optical coherence tomography (OCT) is a cross-sectional imaging modality that provides structural information of biological tissue in real time with high resolution and in a noninvasive manner. 1 Over the last decade, OCT techniques have improved image acquisition speeds, and sensitivity to provide high-resolution in vivo cross-sectional or volumetric imaging of living tissue, thereby enabling applications in real-time detection of early diseases and surgical guidance. 2 The miniaturization of optical imaging probes has played an important role in the enhancement of OCT for in vivo animal and human studies. [3] [4] [5] [6] Miniaturized probes can counter the limited penetration depth of OCT imaging to some extent by making it feasible to access deep tissues or organs. Endoscopic and intracoronary imaging may enable significant clinical breakthroughs in OCT imaging after the initial success of OCT in ophthalmic imaging.
Numerous types of miniaturized optical probes have been developed. These are usually designed for a specific target application with specific requirements. 6 The most common miniaturized OCT probes are composed of a single-mode optical fiber (SMF), a gradient-index (GRIN) lens, and a small prism to deflect the light into the tissue of interest. The GRIN lens is a key component that determines performance of the probe, and these is critical. When designing imaging probes, numerous trade-offs exist between probe size, WD, and achievable lateral resolution. Although commercial optical design software is typically used for this design process and parameter selection, commercial software does not readily enable one to identify the influence of each component in the final probe performance. Therefore, a thorough theoretical analysis is required to identify the function of each component and obtain optimal probe design parameters. However, the theory of GRIN lens-based probes has either been largely overlooked or only simplified configurations of probe designs have been considered. [7] [8] [9] [10] [11] In this paper, we numerically analyze the performance of various GRIN lens-based OCT probes constructed from commercially available components. A theoretical model is formulated by analyzing the propagation of a single-mode (TEM 00 ) Gaussian beam, within the paraxial approximation. Two types of probes are investigated, a short-WD probe and a long-WD probe. The performance of the short-WD probe is first characterized as components are added step by step following the fabrication procedure. The influence of the transparent outer tubing or sheath in the probe performance is also evaluated. Long-WD probe designs, including single-and dual-GRIN-lens models, are then compared and discussed.
Theory
Matrix formulation of Gaussian optics has been applied to obtain analytic expressions for the beam waist and WD for different probes. A Gaussian beam can be uniquely represented at a given transverse plane by the complex parameter: 11, 12 
where z is the distance of the given transverse plane from the beam focus, and z 0 is the Rayleigh range. When a Gaussian beam characterized by q 1 passes through optical components represented by an ABCD matrix within the paraxial approximation, the new complex parameter q 2 of the beam in output plane is given by
In our formulation, we begin our analysis with a Gaussian beam at the end of a single mode fiber. It is assumed that the beam waist at this plane has a minimum value (i.e., it is at focus), so that the complex parameter can be written as
where z 01 is the Rayleigh range of the initial Gaussian beam, and a is defined as its inverse. The terms n f , w 0 , and λ denote the refractive index of the fiber core, the beam radius at the fiber core, and the wavelength of the guided beam, respectively. The probe can be modeled as an ABCD matrix combining sequential matrices of each component. The resulting complex beam parameter of the propagating light at the output plane is represented by
From the complex parameter just indicated, the WD z w can be directly calculated by taking the negative of its real part:
The imaginary part of q 2 also represents the new Rayleigh range z 02 at the focal length, which yields the beam waist at the focal length. Finally, the resulting beam waist w 02 in terms of the initial waist can be calculated as follows:
where w 01 is the initial beam waist in the input plane, and n s is the refractive index of the medium at the last output plane. In the following sections, we present analytic expressions for different probes.
Results and Discussion

Single GRIN Lens-Based Probe
The common endoscopic OCT probe has a single GRIN lens configuration combined with other components such as an optical fiber, spacer, and reflecting prism. To approach realistic investigations, dimensions and parameters of typical endoscopic probes were applied: center wavelength (1.3 μm), diameter of GRIN lens (1 mm), pitch of GRIN lens (0.26 to 0.3), prism size (500 μm, 700 μm, 1 mm), SMF (core/cladding: 9/125 μm).
Effect of spacers between fiber tip and a GRIN lens
The initial procedure to assemble a probe is to attach an optical fiber and GRIN lens by UV adhesive or thermal fusion. The variance of the spacer in between the GRIN lens and the fiber is known to be one of the most critical factors for determining the BD and the WD in the probe. 13 Thus, the refractive index and control of the cement thickness control in the fabrication is important to achieve an optimal design. To verify this, a single GRIN lens-probe without a prism was first evaluated, as presented in Fig. 1(a) .
The BD and WD were monitored by varying the thickness of the spacer for the cases of an air gap and optical adhesive. Figure 2 (a) and 2(b) show graphs of these as functions of the GRIN lens pitch. The graphs show that both the WD and BD decrease as the distance between the optical fiber and GRIN lens is increased, which is very sensitive to even a short length of spacer. This is because adding a spacer changes the incident beam parameter entering the GRIN lens. As the spacer length increases, the BD of the propagating light through the spacer becomes larger, which subsequently increases the BD at the input surface of the GRIN lens. This has the effect of changing the trajectory of light within the GRIN lens. The trajectory of propagating light within the GRIN lens has three phases: (1) divergence, (2) access to the location having the maximum BD, and (3) focus. The larger incident BD causes the beam to approach the maximum beam diameter within the GRIN lens at a shorter distance, while the distance to reach the output surface of the GRIN lens is extended. Finally, the light from the GRIN lens is focused, producing a shorter WD and a smaller BD at the focal point. For example, the light propagating out from the GRIN lens would be collimated when the ideal point source enters a 0.25 pitch GRIN lens. As the spacer is added, the collimated beam would start to focus. The WD and BD of the probe become progressively shorter and smaller as the length of the spacer is increased. This effect is less sensitive in the case of optical cement. This is because the small refractive index difference between the SMF and the cement allows for a smaller divergence angle in the spacer, and a resultant small incident BD at the input plane of the GRIN lens. This indicates that the imaging parameters of the probe change after the assembling process with optical adhesive, as would be expected. Thus, the probe design must consider the fabrication procedure including the UV cured cement thickness and refractive index to achieve the desired probe specifications.
The BD at the focal position of typical endoscopic probes is in the range of 20 to 30 μm. Two methods can be implemented to improve the lateral resolution in the current probe configuration: (1) increase the gradient constant of the GRIN lens and (2) use longer spacers. In both cases, the WD would decrease. GRIN lenses with higher gradient constants are commercially available, but have smaller diameters. The control of the gradient constant by keeping the diameter constant is also possible; however, this requires customized fabrication. Thus, the second method is more practical and preferred. A rigid glass rod or a coreless optical fiber is often inserted between the optical fiber and the GRIN lens to function as longer spacer, with lengths that are not possible using optical cement. Figure 2 (c) shows the variation of WD and BD when a millimeter size spacer was added. With the same principle as in the previous cases of air and cement gaps, the lateral resolution was improved as the length of the spacer increased. Even though the WD was also significantly reduced, it is still within a useful range for endoscopic OCT imaging.
Beam profile of probe by component and refractive index after a GRIN lens
The next step in fabrication of side-imaging probes is to attach the reflecting prism to direct the beam toward the specimen, typically 90 deg from the long axis of the fiber or endoscopic probe. Figure 3(a) shows the WD and BD after adding the prism. In this calculation, the cement thickness between the GRIN lens and prism was not considered, because the interface is always minimized in the fabrication procedure to attach the GRIN lens with the prism. In fact, adding components after the GRIN lens, such as optical cement or prism, does not have an effect on the BD, as depicted in the equations of Fig. 1 . These added components only reduce the WD.
The dominant factors that determine the BD at the focal position are the focusing angle and the BD at the end plane of the GRIN lens. These factors are preserved as long as light propagated in a uniform material with a flat surface. However, the WD is dependent on the length of the prism as well as its refractive index, as can be seen in both Fig. 3(a) and the equations. The preceding results indicate that dynamic focusing of the probe along the imaging depth is feasible, keeping the same beam diameter at the focal position. Integration of additional components in series after GRIN lens only affects the BD. Thus, by varying the length and refractive index, one could achieve dynamic focusing. Physically, varying the length of a component is difficult, but the change of the refractive index is more feasible by means of an index-tunable material. By our calculation, a variation of 300 μm in WD when using a 0.27 pitch GRIN lens would require a change in refractive index from 1.4 to 1.8.
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November/December 2010 r Vol. 15 (6) OCT probes are often used in other media rather than air. For example, needle imaging probes are directly surrounded by tissue, while probes for cardiovascular imaging are immersed in blood or flushed with saline solutions. Figure 3(b) shows probe characteristics for different media. The graphs show that probes in higher refractive index media have longer WD, while the BD remains the same. If the refractive index of the propagating material has a lower refractive index compared to the prism, light will be more rapidly focused. However, for a higher refractive index medium, the light will have a smaller focusing angle. This is the reason why the WD of a probe in tissue or blood is longer than in air.
Influence of tubing on the beam profile of the probe
The last step in the fabrication process is to enclose the microoptics in a glass or plastic tubing or sheath to protect the probe and make its use more robust. Since the tubing has a cylindrical shape, its geometry works as a cylindrical lens and produces optical aberrations. 14 The ideal investigation of probes with tubing would analyze the beam profile both along and across the curvature of the tubing. For simplicity, we are only considering the beam profile for the cross section view of tubing, as seen in Fig. 4 .
To investigate the influence of the tubing on the probe parameters, we compared the beam profile of probe designs before and after the addition of the tubing. First, the WD and BD of two different probes without tubing were surveyed when used in different sample media, as shown in Table 1 . The WD, WD * , and BD were then recalculated after considering the tubing parameters. WD is the distance from the outer surface of the tubing to the focal spot and WD * is the distance from the end of the prism to the focal position; i.e., it includes l 2 (the length between prism and tubing), l t (the thickness of the tubing), and Z w (the length after tuning to the focal position). As seen in Table 1 , WD * and BD have increased in both the 0.27 and 0.29 pitch probes when the tubing geometry was taken into account due to the fact that the curved structure of the tubing causes the focusing beam to diverge. This tendency is greater for a lower pitch probe, while a tightly focused beam from a higher pitch probe has less divergence. In the probe design, the confocal parameter (CP) is also an important factor because the converging and diverging Gaussian beam above and below the CP will have larger spot size diameters, and hence poorer transverse resolution. The CP for each different probe design was calculated by CP = 2 π w 2 S
λ0
, and compared in Table 1 . Table 1 provides useful intuition to design and fabricate GRIN lens-based OCT probes. Though the beam characteristics of probes may have the desired values without tubing, once the tubing is added, these values may change significantly. During fabrication, the central positioning of the probe within the tubing is also important to minimize any unexpected performance errors due to probe location within the tubing, which varies with bending radius and distance between the probe and tubing. Thus, these effects must be considered to obtain the optimal beam parameters of the probe. Table 1 were used. The variation of WD * and BD with changing tubing thickness is shown in Fig. 5(c) , which reveals that varying the tubing thickness does not significantly affect the beam parameters. In this configuration, the WD * and BD of the probe are determined by the BD and focusing angle at the outer surface of the tubing. The focusing angle is mostly dependent on the refractive index difference between the tubing and the imaging medium, as explained previously in Fig. 3(b) . The BD is determined by the tubing geometry including thickness and refractive index. In an air medium, the WD * and BD increase because the diameter of the propagating beam through the tubing grows progressively larger as the tubing thickness is increased. However, this phenomenon has a lesser impact when imaging in other media. Even though the propagating beam in the tubing becomes larger, the influence of the tubing thickness has less effect on the probe beam profile because the small focusing angle would still be a dominating factor to determine the WD * and BD. In all three cases in Fig. 5 , a 0.29 pitch GRIN lens probe is less sensitive to tubing parameters than a 0.27 pitch GRIN lens Table 1 .
probe. This means that a tightly focused beam with a short WD would be optimal for maintaining original beam profile and offer the best opportunity for highquality imaging after the addition of the tubing. Considering the preceding results, the material and dimensions of the selected tubing should be considered for probe design and fabrication to achieve the optimal performance for OCT imaging.
Long Working Distance Probes
Upto now, we have considered single GRIN lens-based OCT probes with pitches ranging from 0.26 to 0.3. In this range, the WD and BD of the probe change proportionally to one another. Thus, with this configuration, it is difficult to design probes with a long WD and a small BD. In this section, we discuss long-WD probe designs without a prism or tubing, and with targeted beam parameters of a WD (10 to 15 mm) and a BD (20 to 30 μm).
To evaluate the limitations of a typical single GRIN lens probe, the maximum BD and beam divergence angle at the end of GRIN lens was monitored, as shown in Fig. 6(a) . For these calculations, the same probe design parameters were used as in Fig. 2(c) . The beam profiles of these probes have a short WD (mostly less than 1.5 mm) and a small BD (less than 15 μm) at the focal position. Figure 6(a) shows that the beam diameter at the output plane of a 1 mm GRIN lens was restricted to less than 150 μm. This is because the propagating light within a GRIN lens uses only a portion of the full lens diameter. In addition, the beam at the end of the GRIN lens has a tendency to focus tightly; the (-) sign in Fig. 6 indicates a focused beam. In combination, these effects result in a beam with a short WD and a small BD. Thus, it is impossible to fabricate a probe having a longer WD and a small BD in the current design.
To overcome these limitations, we chose different component parameters. First, a long glass spacer was used, which gives a larger beam diameter at the input plane of the GRIN lens. Second, a very short pitch GRIN lens was used to change the beam focusing while maintaining a larger beam diameter. The main motivation for this probe was to maximize the numerical aperture while increasing the maximum BD of the propagating light within the GRIN lens. Based on a single GRIN lens configuration, we designed a probe with approximately an 80% maximum beam diameter, as shown in Fig. 6(b) . The graphs reveal that focusing angle has increased as the beam diameter increases. With these results, we selected a pitch range from 0.04 to 0.045 and plotted the beam profile of the probe, as shown in Fig. 6(c) . These graphs show these probes have the desired beam parameters, satisfying both the WD and BD requirements. In this pitch range, the BD was larger than the BD of the commonly used short-WD probe [ Fig. 2(c) ]. This is because the beam focusing angle ranged from − 3.5 to around − 5.5, which provide less focusing, as seen in Fig. 6(a) . Results show that this probe design requires a high degree of accuracy to control the length of both the spacer and the GRIN lens. Since control of the pitch of the GRIN lens requires more precision and complexity in fabrication, adjustment of the spacer length to achieve the optimal probe parameters is more desirable.
Recently, a dual GRIN lens-based probe was introduced for the same purpose. 14, 15 This type of probe design is shown in Fig. 7 . The major objective of this design is also to maximize the BD of propagating light within the GRIN lens, which allows for a greater numerical aperture. However, the main difference between the single and dual GRIN lens-based probes is that the configuration of the dual GRIN lens probe enables one to modify the initial beam profile. A dual GRIN lens probe consists of two sets of spacers and two GRIN lenses, as depicted in Fig. 7 . The first GRIN lens and spacer modify the initial beam entering the second spacer and GRIN lens. In the single GRIN lens configuration, the initial beam is determined by the beam profile of the light exiting the SMF, and cannot readily be changed. Ideally, we wish to generate a new initial beam having a smaller BD with a larger divergence angle so that light propagating through the second GRIN lens can utilize the full diameter of the GRIN lens.
We first investigated the BD and divergence angle at the end of the first GRIN lens while varying the spacer length and pitch of the first GRIN lens, to verify the characteristics and optical performance of this probe design. Figure 8(a) shows the comparison of beam parameters between a SMF (dashed line) and the combination of the first set of GRIN lens and spacer. For these calculations, we used a 500 μm diam GRIN lens (gradient constant: 1.340 mm − 1 ) and a 2.1 mm glass rod as a spacer. As seen in the left graph, a smaller BD was obtained, compared to that from a SMF, at a pitch range from 0.294 to 0.307. This pitch range can be adjusted by varying the length of the first spacer. Under this current condition, the lowest BD was 2.3 μm at a 0.3008 pitch.
To determine the specifications for the second set of spacer and GRIN lens, a pitch of 0.302 was selected for the first GRIN lens because this region has a higher beam divergence. The corresponding BD and divergence angle at the output plane of the first GRIN lens were 2.823 μm and 15.73 deg, respectively. Based on these conditions, we searched for the optimal length for the second set of GRIN lens and spacer. Unlike in the single GRIN lens-based probes, the second spacer must be relatively short in length, as shown in Fig. 8(b) . This is because the initial beam constructed by first set of GRIN lens and spacer has a larger divergence angle, which reduces the distance necessary to produce a larger BD of light entering the second GRIN lens. Finally, the WD, and BD at the focal position were generated for GRIN lens pitches ranging from 0.133 to 0.138 for the second GRIN lens, as shown in Fig. 8(c) . In this calculation, a 1 mm diam GRIN lens (gradient constant: 0.653 mm − 1 ) was considered for the second GRIN lens. These graphs reveal similar probe performance compared to the single GRIN lens-based probe. Thus, it is observed that both probe configurations improve the BD at a long WD, which cannot be achieved with the typical single GRIN lens-based probe having pitches range from 0.26 to 0.3.
As mentioned, the first spacer and GRIN lens in the dual GRIN lens probe generate different initial beams compared to one from SMF, but this will make the fabrication more complex. In addition, a single GRIN lens probe requires length control of the order of 100 mm for both the spacer and the GRIN lens, as observed in Fig. 6(b) , while a dual GRIN lens probe requires a precision of the order of 10 μm in spacer length, as observed in Fig. 8(b) . Overall, long WD probes using a dual-GRIN-lens configuration theoretically provide more freedom to produce various beam profiles due to the flexibility of modifying the initial beam. However, single GRIN lens configuration for long WD probes can construct similar performance with easier fabrication.
Conclusion
We numerically investigated GRIN lens-based OCT probe designs. The WD of typical probes changes proportionally to the BD. It was shown that the length of a spacer and the pitch of a GRIN lens both affect the WD and BD, but the components after the prism and sample medium influence only the WD. The probe properties also change significantly after taking into consideration the geometry of the external tubing or sheath. In all probe models, higher refractive index media such as saline, tissue, and blood make the WD longer and the BD larger. Single and dual GRIN lens probes were considered for the purpose of designing a long-WD probe. To increase WD while keeping the BD small, the BD within the GRIN lens was maximized. In both configurations, similar probe performance could be achieved. Theoretically, the dual GRIN lens probe has an advantage over the single GRIN lens probe because it can provide greater freedom in tailoring the initial beam parameters. However, it is more complex and requires greater precision during fabrication. We believe these numerical results can help facilitate the design and optimization of GRIN-lens-based OCT imaging probes for specific applications while minimizing fabrication errors.
